Eggshells are a byproduct from egg breaking facilities and potentially useful as an amendment for liming soils. Ground eggshells were evaluated as a liming material at two sites in Iowa with acidic surface soil. The study compared soil pH response and corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] grain yield with multiple rates of agricultural lime (aglime) and ground eggshells (eggshells). Eggshells proved to be an effective liming material and land application for soil pH correction offers a practical use of eggshells. However, the reported effective calcium carbonate equivalent (ECCE) value for the ground eggshells was low as soil pH increase was greater than found with equivalent ECCE rates from aglime. Based on the soil pH responses in this study, it is suggested that ground eggshell ECCE values should be increased 2 to 3 times from reported values. That correction should help avoid over-application and unintended high soil pH levels.
Introduction
Although the majority of eggs produced in the United States are transported to market as whole eggs, in 2010 32% of all eggs were broken on site, shipped as liquid eggs, and used in manufactured egg products (4) . New laying facilities are being built with integration of egg production and on-site breaking. In 1997, more than 50 million cases of eggs (30 dozen eggs per case) were used as processing eggs. These eggs produced approximately 120,000 ton of broken eggshells (2) . Egg production has increased over time, and in 2010, 69 million cases of eggs were broken, shipped, and used in processed products (9) . This is increasing the local concentration of eggshells needing appropriate use. Disposing of eggshells in landfills has become a serious concern as it is both expensive and uses valuable landfill space (1, 11) , and potential benefits that could be derived from liming and nutrient application to crop production fields are lost.
Some egg producers take eggshells to landfills; others stockpile and apply to farm fields with poultry manure. Farmers and crop advisers want to know if eggshells have value as a liming source, and if so, at what rate equivalent to quarry limestone should they be applied.
Eggshells are comprised mainly of calcium carbonate (94 to 97%), which should neutralize soil acidity. However, studies with soil application are quite limited. In 1994, Mitchell evaluated the usefulness of ground eggshells as a liming material in a greenhouse study (8) . He concluded that finely ground eggshells were an effective liming material but cautioned that coarsely ground eggshells were essentially ineffective. However, eggshells are different than quarry limestone as they are produced by a hen, are of recent origin, and have unique characteristics including an extensive pore structure, membrane layers, and complex mineral formation with a protein matrix foundation (3). These properties could affect the relationship of eggshell particle size on reactivity in soil. Due to lack of research with field application of eggshells in row crop production, questions remain regarding neutralization effectiveness, soil pH change, and crop response.
Study Goals
This study was designed to evaluate the usefulness of ground eggshells as a liming source in field trials at two sites in Iowa. The study compared soil pH change and crop yield in a corn-soybean rotation with multiple rates of quarry derived agricultural limestone (aglime) and ground eggshells (eggshells). The aglime and eggshell rates were based on reported effective calcium carbonate equivalent (ECCE). Therefore, the applicability of ECCE for use with eggshells was also evaluated.
Calculation of ECCE
For each site, samples of the aglime and eggshells were collected prior to application and analyzed for ECCE. Table 1 provides the physical and chemical analyses for the materials used at both sites. The ECCE determination is described in the Iowa Agricultural Limestone Act (5), and is determined by multiplying the calcium carbonate equivalent (CCE) by the total fineness efficiency and dry matter percentage. The total fineness efficiency is the sum of the products of a fineness factor multiplied by the percentage of particles passing through 4-mesh, 8-mesh, and 60-mesh screens (Table 1) . Fineness factors are 0.1, 0.3, and 0.6 for the 4-, 8-, and 60-mesh screen sizes, respectively. Research has shown that more finely ground limestone particles react quicker with soil than more coarsely ground particles (reference 7 as an example). A key research question regarding ground eggshells is will they neutralize soil acidity and increase pH. The eggshells used in the study at each site had high calcium carbonate equivalent, as expected (Table 1) . Also, all of the eggshell material used at both sites passed through the 4-mesh sieve, but only 52 to 55% of the passed through the 8-mesh sieve and only 1 to 2% passed the finest 60-mesh sieve (Table 1) . Therefore, the ECCE values for the eggshells were considerably lower than the aglime because of the high fraction of coarser particles ( Table 1) .
Description of Experimental Sites
The study was conducted at two sites: the Iowa State University Northern Research Farm near Kanawha in north-central Iowa, and at the Iowa State University Northwest Research Farm near Sutherland in northwest Iowa. The soil at the Kanawha site was a Clarion loam that formed in glacial till and has a calcareous subsoil. The soil at the Sutherland site was a Galva silty clay loam that formed in loess and has a neutral to moderately alkaline subsoil. The soil pH in the 0-to 6-inch depth at the beginning of the study at each site was acidic (Table 2 ) and indicated lime application needed for corn and soybean production (10) . A soil pH of 6.5 (0-to 6-inch depth) is considered sufficient for corn and soybean production in Iowa. Based on the initial soil buffer pH at each site (Table 2 ), the recommended application of pure fine calcium carbonate would be 3,500 lb/acre for the Kanawha site and 5,000 lb/acre for the Sutherland site (10). Table 2 . Initial routine soil tests for each site.
x Shoemaker-McLean-Pratt (SMP) buffer pH. y STP = Bray P-1 soil test P; STK = ammonium acetate soil test K; OM = soil organic matter; CEC = estimated cation exchange capacity from extractable K, Ca, Mg, Na, and pH b .
Testing Ground Eggshells as a Liming Material
Rates of eggshells and aglime were applied at both sites based on the reported material ECCE values; applied at rates of 0, 500, 1,000, 2,000, 4,000, and 8,000 lb ECCE/acre. Application dates were April 2002 at Kanawha, and May 2003 at Sutherland. Since the ECCE values were quite different between the eggshells and aglime, the material dry matter rates varied considerably (Table 3 ). Treatments were arranged as a complete factorial in a randomized complete block and replicated five times at Kanawha and four times at Sutherland. At both sites, materials were applied to soybean stubble and incorporated prior to planting by disking and field cultivation. Plots were initially planted to corn following the treatment application. Soybean was planted the following year, and a corn-soybean rotation was followed at both sites throughout the experiment (7 crop years at each site). The study areas were chisel plowed to a depth of 8 to 10 inches following corn. No fall tillage was done following soybean. The areas were field cultivated in the spring prior to planting corn and soybean.
Soil samples, 0-to 6-inch depth, were collected from each plot prior to the treatment applications and following harvest annually. Plots were machine harvested and grain yield calculated using 15% moisture for corn and 13% moisture for soybean. Nitrogen (average 155 lb N/acre at Kanawha and 135 lb N/acre at Sutherland), phosphorus, and potassium fertilizers were applied uniformly across the entire study areas before corn to alleviate any potential yield responses from nutrients applied with the treatments or soil test differences. Table 3 . Aglime and eggshell treatment applications, dry matter basis.
x The effective calcium carbonate equivalent, ECCE, of each material was used to determine the treatment application rate. See Table 1 for the aglime and eggshell ECCE values.
PROC GLIMMX, SAS Ver. 9.2 (SAS Institute Inc., Cary, NC) was used to statistically analyze soil pH by site and month after application, and analyze crop yields within site by year and across years. Blocks were considered random, and for crop yield analysis across years, year was considered random in the model. Confidence intervals (95%) for soil pH values were calculated within a sample date to indicate differences between materials. To determine the relative effectiveness of ECCE for eggshells, and to estimate an ECCE correction factor for eggshells based on aglime soil pH response, a linear regression equation was fit to soil pH for the first four ECCE rates for each material at 18, 42, at 78 months after application. Those four rates were used as they provided a linear pH response with both materials, and avoided any plateau response from soil pH approaching neutrality with the highest rates. The ECCE correction factor was then calculated as the ratio of the linear slope for each material at each sampling date and site.
Soil pH Response to Material Applications
The soil pH was increased by aglime and eggshell application at both sites and all sampling dates (Table 4 and Figs. 1 and 2 ). At 6 and 18 months after application at Kanawha, and at 6 months at Sutherland, the soil pH was similar with the aglime and eggshells. However, at 18 months for Sutherland and after 18 months for Kanawha, soil pH was increased to a higher level with the eggshells at most ECCE rates. The greater change in soil pH soon after application with aglime relative to eggshells was likely due to fine particles (passing 60 mesh screen) in the aglime reacting quickly, and that were not present in the eggshells, but with more time greater reactivity and pH increase from the eggshells. Based on the reported ECCE value for each material and respective ECCE application rates, eggshells increased pH more than aglime over the 6.5-year period. This is an indication that the calculated ECCE values for the eggshells were low. With the study only conducted for seven crop seasons, it is unknown how long the eggshell or aglime applications would maintain soil pH at a given level. Throughout the study period, each material was relatively effective at maintaining maximum pH correction for the specific application rate.
The soil pH increase plateaued with the highest two eggshell rates due to the pH being near 7.0 ( Figs. 1 and 2) , therefore limiting further increase as the dissolution of calcium carbonate would decrease and thus slow further pH increase. This pH plateau with high ECCE rates was not found with the aglime as even with the highest rate the pH was less than 7.0 and pH increased across all years and both sites with the highest rate. This is another indication that the reported ECCE value for the eggshells was low. Based on the initial soil pH, buffer pH, and incorporation depth, an aglime rate of approximately 4,000 to 5,000 lb ECCE/acre would be recommended for these soils to correct pH to 6.5 for corn and soybean crops in Iowa (10) . At the 4,000 lb ECCE/acre aglime rate, the soil pH was corrected to approximately that level at both sites. 
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Eggshell ECCE Adjustment
Based on the measured soil pH increases with eggshell and aglime rate applications, the method for calculating ECCE was incorrect for the eggshells. Using the aglime soil pH change as a baseline, an ECCE correction factor was calculated for the eggshells. That calculation was based on the linear slopes of the measured pH for the first four ECCE rates (0, 500, 1000, and 2000 lb ECCE/acre) of each material at 18, 42, and 78 months after application at each location ( Table 5 ). The linear slope for the eggshells was greater than for the aglime. Therefore, the eggshells were increasing soil pH more at each ECCE application rate than the aglime. Table 5 . Linear slope from the equation fit to mean soil pH for the first four ECCE rates (0, 500, 1000, and 2,000 lb ECCE/acre) for each material at 18, 42, and 78 months after application, and the calculated correction factor for the eggshell ECCE.
x Linear slope for eggshells divided by linear slope for aglime.
Using aglime as the standard, the linear regression equation slopes presented in Table 5 indicate that the calculated ECCE for the eggshells underestimated the actual ECCE. An ECCE correction factor was calculated for each sampling date at each location by dividing the linear slope for the eggshells by the linear slope for the aglime (Table 5 ). The correction factors were lowest at 18 months and fairly consistent at 42 and 78 months. These timing differences were likely due to continued material dissolution after 18 months. Using the longer sampling periods, an average correction factor for the eggshells at the Kanawha site would be 2.9 and for the Sutherland site 1.9. This means that eggshells, as used in this study, should have the reported ECCE value increased by 2 to 3 times. The need for a correction factor is likely due to several eggshell characteristics, including an extensive pore structure and protein matrix, which increases the reactivity more than expected based solely on the fineness of grind. Using that correction would improve ECCE and ground eggshell application rates to provide expected soil pH correction.
Corn and Soybean Yield Response to Material Application
At Kanawha, corn yield increased with application rate, and there was no difference in rate response between materials (Tables 6 and 7 ). The corn yield increase with rate occurred in two years (Table 6 ) and as an average across years (Table 7) . In 2002, the first year of application, mean corn yield was higher with the eggshell application that aglime, although the yield difference was small. At Kanawha, there was a soybean yield decline with application rate in one year (2007) and as an average across years (Tables 6 and 7 unknown why that occurred, and the yield decline was the same with both materials. In 2005, the mean soybean yield was higher with aglime application than eggshells, but the difference was only 0.9 bu/acre. No difference between materials was found across years. Based on the initial pH at the Kanawha site, there would be an expectation of yield increase from liming. However, the soil at that site has a high subsoil pH, and the suggested pH level before making a lime application for corn and soybean is less than 6.0 (10). Therefore yield response, if it occurred, would be expected to be low. In addition, soybean grown in the Kanawha area can have issues with iron deficiency chlorosis and soybean cyst nematode (Heterodera glycines), both with increased potential at high soil pH. While neither was visually observed with any material rate in the study, high pH with the highest application rates could have resulted in a negative yield influence. Table 7 . Corn and soybean grain yield across years as influenced by aglime and eggshell application, Kanawha.
At Sutherland, there was no effect of aglime or eggshell application on corn yield at any application rate (Tables 8 and 9 ). Soybean yield increased with increasing application rate for both materials in 2006 and across years. In 2006, the mean eggshell application resulted in a higher soybean yield, but not across years. The crop yield response at Sutherland was opposite that at Kanawha. However, the Sutherland site has a neutral subsoil pH, and an initial lower surface pH than at Kanawha. Prior research at Sutherland has shown the same crop yield response to lime application (6 
